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ULTRASOUND MEASUREMENT 
TECHNIQUES FOR BONE ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority under 35 U.S.C. § 
ll9(e) to US. provisional application 60/827,565, ?led Sep. 
29, 2006, Which is hereby incorporated by reference in its 
entirety. 

FIELD OF THE INVENTION 

[0002] The invention relates to improved sensing and 
analysis of ultrasound measurement signals for use as a diag 
nostic tool in bone analysis. 

BACKGROUND OF THE INVENTION 

[0003] The ?eld of ultrasound imaging of mammalian 
physiology is Well knoWn and Well established. HoWever, the 
methodology is dominated by certain techniques Which have 
knoWn limitations that are susceptible to improvement or 
alteration. This technology is knoWn to be used in the imaging 
of various sites, such as spinal, Wrist, knee, cartilaginous 
areas, and other musculoskeletal locations in mammals, par 
ticularly humans. The use of ultrasound for these sites gen 
erally is referred to as Quantitative Ultrasound (QUS), and is 
often in a competitive role With other imaging modalities. 
[0004] HoWever, there has recently been some interest in 
using ultrasound in a predictive role for the disease knoWn as 
osteoporosis. Osteoporosis is a disease of the skeleton in 
Which the amount of calcium present in the bones sloWly 
decreases to the point Where the bones become brittle and 
prone to fracture. In other Words, the bone loses density. It is 
estimated that over 10 million people in the United States 
suffer from this disease, and 18 million more have loW bone 
mass, placing them at increased risk for this disorder. 
Osteoporosis is no longer considered a solely age or gender 
dependent, and When diagnosed early it can often be treated 
successfully. In summary, osteoporosis is a major public 
health problem characterized by signi?cant morbidity, mor 
tality, and economic burden. 
[0005] The most often used method to estimate bone mass 
density is based on X-ray absorption methods. A prominent 
example of this is DXA (Dual Energy X-ray Absorptiom 
etry). A problem With DXA, hoWever, is that its equipment is 
quite large, meaning that it is essentially stationary. There 
fore, other methods involving lighter and/or smaller equip 
ment are often desirable. Such equipment can be easily trans 
ported to make it possible to screen a large part of the 
population in a relatively easy fashion. These other methods 
should not, hoWever, produce signi?cantly less accurate 
results than DXA. 
[0006] One alternative method of estimating bone mass 
density is based on ultrasound. Ultrasonic signals can be 
transmitted through a portion of a bone being measured. 
Some or all of that signal can be detected after transmission 
through the bone. A linear parameter of the detected signal 
can be determined. Typical examples of linear parameters of 
ultrasonic signals include re?ection of transmitted sound, 
scatter of sound, attenuation of sound, speed of sound, broad 
band ultrasound attenuation, and combinations thereof. Esti 
mating material conditions of a bone based on hoW the bone 
impacts the linearity of an ultrasonic signal is Well knoWn. 
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[0007] Similarly, some methods of estimating material 
conditions of a bone based on hoW the bone impacts the 
nonlinearity of an ultrasonic signal are knoWn. For example, 
the amplitude of the ?rst and second harmonics of the 
detected ultrasonic signal can be determined. These tWo val 
ues can be compared With the transmitted ultrasonic signal. 
Such a comparison can be used to estimate material condi 
tions of the bone through Which the ultrasonic signal Was 
transmitted. This kind of method is covered in commonly 
assigned US. Pat. No. 6,899,680, entitled “Ultrasound Mea 
surement Techniques for Bone Analysis,” Which is hereby 
incorporated by reference herein in relevant part. 

SUMMARY OF THE INVENTION 

[0008] In some aspects, the present invention provides a 
method of measuring bone condition using ultrasound Waves. 
Embodiments can involve transmitting an ultrasonic signal 
through a portion of a bone to be measured to a receiver. The 
?rst and second harmonics of the detected signal can then be 
isolated. A duration difference can then be determined 
betWeen (i) the detected signal or a ?rst harmonic of the 
detected signal and (ii) a higher harmonic of the detected 
signal. Based on that duration difference, material conditions 
of the bone can be estimated. 
[0009] Embodiments of the present invention may provide 
one or more of the folloWing advantages. Methods according 
to the present invention can be performed by equipment that 
is signi?cantly smaller and more portable than DXA equip 
ment. Consequently, people Who are not able to access facili 
ties that have DXA equipment (e.g., at specialists’ o?ices) 
can still be tested for osteopenia/o steoporosis (e. g., at primary 
care providers’ of?ces). LikeWise, testing according to some 
embodiments of the present invention can be signi?cantly 
less expensive than other methods. Methods according to the 
present invention can eliminate the risk associated With radia 
tion exposure that is present in DXA processes. Methods 
according to the present invention can be signi?cantly more 
robust and repeatable than knoWn methods, including knoWn 
ultrasound methods, of measuring bone conditions. Tests per 
formed on similar patients under similar conditions often 
yield similar results under methods according to the present 
invention. The method may potentially be able to predict and 
prevent bone fracture (e.g., hip fracture), Which could save a 
substantial amount of money for the health care system and 
society. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The folloWing draWings are illustrative of particular 
embodiments of the present invention and therefore do not 
limit the scope of the invention. The draWings are not to scale 
(unless so stated) and are intended for use in conjunction With 
the explanations in the folloWing detailed description. 
Embodiments of the present invention Will hereinafter be 
described in conjunction With the appended draWings, 
Wherein like numerals denote like elements. 
[0011] FIG. 1 is a schematic of ultrasound Wave propaga 
tions in tissue and bone media. 
[0012] FIG. 2 is a block diagram of a pulse propagation 
measuring setup. 
[0013] FIG. 3 is a block diagram of a backscatter or re?ec 
tion measuring setup. 
[0014] FIG. 4 is a block diagram of a re?ection at an angle 
measuring setup. 
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[0015] FIG. 5 is a schematic diagram of a typical experi 
mental set-up. 
[0016] FIG. 6 is a graph of the amplitude of the second 
harmonic of the detected signal compared With the amplitude 
of the transmitted signal or the ?rst harmonic of the detected 
signal, according to an experiment discussed herein. 
[0017] FIG. 7 is a graph shoWing the results shoWn in FIG. 
6 and knoWn T-score values. 
[0018] FIG. 8 is a graph shoWing a representative transmit 
ted signal, detected signal, and second harmonic of the 
detected signal, according to an experiment discussed herein. 
[0019] FIG. 9 is a graph shoWing a representative ?rst har 
monic and second harmonic of the detected signal, according 
to an experiment discussed herein. 
[0020] FIG. 10 is a graph shoWing results of measurements 
taken pursuant to an experiment discussed herein. 
[0021] FIG. 11 is a schematic vieW shoWing an ultrasonic 
transmitter and a receiver positioned proximate to a bone and 
oriented at an oblique angle to one another. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0022] The folloWing detailed description is exemplary in 
nature and is not intended to limit the scope, applicability, or 
con?guration of the invention in any Way. Rather, the folloW 
ing description provides practical illustrations for implement 
ing exemplary embodiments of the present invention. Con 
structions, materials, dimensions, and manufacturing 
processes suitable for making embodiments of the present 
invention are knoWn to those of skill in the ?eld of the inven 
tion. Those skilled in the art Will recogniZe that many of the 
examples provided have suitable alternatives that can be uti 
liZed. 
[0023] Osteoporosis is also de?ned as a skeletal disorder 
characterized by compromised bone strength predisposing to 
an increased risk of fracture. Bone strength re?ects the inte 
gration of tWo main features: bone density and bone quality. 
Bone density is expressed as grams of mineral per area or 
volume and in any given individual is determined by peak 
bone mass and amount of bone loss. Bone quality refers to 
architecture, turnover, damage accumulation (e.g., microf 
ractures) and mineraliZation. Osteoporosis is Well established 
as a signi?cant risk factor for fracture. 
[0024] Osteoporosis can be further characterized as either 
primary or secondary. Primary osteoporosis can occur in both 
genders at all ages but often folloWs menopause in Women 
and occurs later in life in men. In contrast, secondary 
osteoporosis is a result of medications, other conditions, or 
diseases. Osteoporosis is diagnosed When bone density has 
decreased to the point Where fractures Will happen With mild 
stress, its so-called fracture threshold. This is de?ned by the 
World Health OrganiZations as bone mass density (BMD) 
that is a 2.5 standard deviation (SD) or more beloW the aver 
age BMD for young adults. (One standard deviation beloW 
the norm in a measurement of hip bone density is equivalent 
to adding 14 years to a person’s risk for fracture.) Measure 
ments of betWeen 1 and 2.5 SD beloW normal are de?ned as 
osteopenia. 
[0025] The consequences of osteoporosis include the ?nan 
cial, physical, and psychosocial, Which signi?cantly affect 
the individual as Well as the family and community. An 
osteoporotic fracture is a tragic outcome of a traumatic event 
in the presence of compromised bone strength, and its inci 
dence is increased by various other risk factors. Traumatic 
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events can range from high-impact falls to normal lifting and 
bending. The incidence of fracture is high in individuals With 
osteoporosis and increases With age. Osteoporotic fractures, 
particularly vertebral fractures, can be associated With 
chronic disabling pain. Nearly one-third of patients With hip 
fractures are discharged to nursing homes Within the year 
folloWing a fracture. Notably, one in ?ve patients is no longer 
living 1 year after sustaining an osteoporotic hip fracture. Hip 
and vertebral fractures are a problem for Women in their late 
70s and 80s, Wrist fractures are a problem in the late 50s to 
early 70s, and all other fractures (e.g., pelvic and rib) are a 
problem throughout postmenopausal years. Indeed, the 
National Osteoporosis Foundation (United States) estimates 
that there are more than 1.5 million fractures reported each 
year. 

[0026] By Way of example, hip fracture alone has a pro 
found impact on quality of life, as evidenced by ?ndings that 
80 percent of Women older than 75 years preferred death to a 
bad hip fracture resulting in nursing home placement. HoW 
ever, little data exist on the relationship betWeen fractures and 
psychological and social Well-being. Other quality-of-life 
issues include adverse effects on physical health (impact of 
skeletal deformity) and ?nancial resources. An osteoporotic 
fracture is associated With increased dif?culty in activities of 
daily life, as only one-third of fracture patients regain pre 
fracture level of function and one-third require nursing home 
placement. Fear, anxiety, and depression are frequently 
reported in Women With established osteoporosis and such 
consequences are likely under-addressed When considering 
the overall impact of this condition. Direct ?nancial expen 
ditures for treatment of osteoporotic fracture are estimated at 
$10 to $15 billion annually. A majority of these estimated 
costs are due to in-patient care but do not include the costs of 
treatment for individuals Without a history of fractures, nor do 
they include the indirect costs of lost Wages or productivity of 
either the individual or the caregiver. 

[0027] Currently, the most popular technique for determin 
ing bone density is dual-energy x-ray absorptiometry (DXA), 
Which measures bone density throughout the body Within tWo 
to four minutes. The measurements are made by detecting the 
extent to Which bones absorb photons that are generated by 
very loW-level x-rays. Physicians use a formula based on the 
results of these procedures to determine if bone density has 
deteriorated to the fracture threshold. 

[0028] Unfortunately, DXA is not Widely available and 
may be inappropriate for many patients. Other techniques that 
measure density may also result in accurate measures of 
overall bone loss and be less expensive and may not expose 
the patient to the radiation inherent to DXA and its analogs. 
These are examples of the opportunities for ultrasound, sub 
ject to basic improvements in its accuracy, sensitivity, and 
overall predictive value. 
[0029] Use of ultrasound in relation to monitoring of bone 
groWth is also Well documented. With respect to bone healing, 
one study reports that callus (i.e., the hard bonelike substance 
throWn out betWeen and around the ends of a fractured bone) 
is easily visualiZed With ultrasound. Moreover, callus as seen 
on ultrasound predates its appearance on radiographs. It has 
also been suggested that fracture union on ultrasound pre 
cedes radiographic union. Thus, it is believed that ultrasound 
may provide important prognostic information concerning 
fracture healing as Well as valuable information of regenerate 
bone during the process of limb lengthening. 
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[0030] Ultrasound has been used for many years to inves 
ti gate the mechanical properties of various engineering mate 
rials. It offers the theoretic advantage of measuring material 
properties other than density. As noted above, this technique 
is termed quantitative ultrasound (QUS). This offers the 
advantages of small size, relatively quick and simple mea 
surements, and no radiation. QUS measurements are gener 
ally considered as much easier to perform at skeletal sites 
With minimal soft tissue covering. HoWever, to date, most 
QUS devices measure the peripheral skeleton, including the 
heel, shin, knee cap, and ?ngers only, due to certain limita 
tions. 

[0031] Regardless, several different QUS devices and 
methods have been shoWn to be predictive of hip fracture, 
independent of radiograph-based bone density measure 
ments. QUS has enjoyed Widespread use around the World 
and has recently been approved for clinical use in the United 
States. Indeed, certain changes in government reimbursement 
schemes may even accelerate the introduction and use of 
QUS technologies in order to avail loWer cost high quality 
methodologies to a greater population. Although apparently 
the QUS technologies are exciting, there are still concerns 
and room for improvements. For example, researchers are 
still not certain exactly Which mechanical or structural 
parameters of the bone are being measured With QUS. It has 
been speculated that QUS may be related to trabecular size, 
trabecular spacing, and parameters of bone mineralization 
such as crystal size and orientation. 

[0032] In yet another analysis, it has been found that broad 
band ultrasound attenuation (BUA) also predicts the occur 
rence of fractures in older Women and is a useful diagnostic 
test for osteoporosis. The strength of the association betWeen 
BUA and fracture is similar to that observed With bone min 
eral density. Broad-band acoustic attenuation and speed-of 
sound have also been shoWn to display a quantitative relation 
ship to mineralization. Further, in another study, 
measurements of the attenuation and velocity of ultrasound 
from 0.3 to 0.8 MHZ have been performed on a number of 
bovine cancellous bone samples. The in?uence of bone min 
eral content Was isolated by measuring the acoustic properties 
of the samples at various stages of demineralization resulting 
from controlled nitric acid attack. The correlation coe?icient 
r, betWeen the attenuation at different frequencies and bone 
density Was found to be in the range 0.68-0.97. Broadband 
ultrasonic attenuation (BUA) Was also calculated and pro 
duced r values betWeen 0.84 and 0.99. The velocity measure 
ments indicated a correlation greater than 0.97 in all cases. 
Thus velocity appears to be the parameter most sensitive to 
changes in bone mineral density alone. Attenuation and BUA 
are less Well correlated presumably because of a sensitivity to 
minor structural change. Accordingly, further advances in 
research are required and encouraged. 
[0033] Yet another study determined that each standard 
deviation decrease in calcaneal broadband ultrasound attenu 
ation Was associated With a doubling of the risk for hip frac 
tures after adjustment for age and clinic. The relationship Was 
similar for bone mineral density of the calcaneus and femoral 
neck. Decreased broadband ultrasound attenuation Was asso 
ciated With an increased risk for hip fracture. A loW broad 
band ultrasound attenuation value Was particularly strongly 
correlated With intertrochanteric fractures, i.e., fractures at 
the proximal femur. The conclusion reached Was that 
decreased broadband ultrasound attenuation predicts the 
occurrence of fracture in elderly Women and that this may 
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also provide a useful diagnostic test for osteoporosis. Thus, 
the need to accurately account for attenuation and sound 
velocity pro?les of bone in patients at various sites is quite 
important in this ?ght against osteoporosis. 
[0034] In summary, osteoporosis is a major public health 
problem characterized by signi?cant morbidity, mortality, 
and economic burden. Osteoporotic fractures in older Women 
are related, for the most part, to the Women’s BMD. Ultra 
sound does not measure bone density but rather measures at 
least tWo parameters called speed of sound (SOS) and broad 
band ultrasound attenuation (BUA) that are related to the 
structural properties of bone. Studies have shoWn that QUS 
measures have the ability to distinguish fracture patients from 
controls and to predict future fracture. Some advantages of 
ultrasound devices are that they are small, portable, use no 
ionizing radiation, and may provide an attractive alternative 
to radiation-based densitometry. Bone mass measurement 
appears to be one of the best Ways to make the diagnosis of 
osteoporosis. HoWever, considerable improvements are 
needed in this emerging area of medical technology. 
[0035] Methods for measuring bone density by ultrasound 
include measurement of direct transmission and scatter mea 
surements, sending sound through a bone, and measuring 
acoustic transmission and speed of sound, including re?ec 
tion. The velocity of sound in bone can be measured using a 
technique analogous to that used in the ?eld of refraction 
seismics, Which involves investigations of the sea ?oor for 
various purposes. As applied to physiological testing, the 
method includes a ?rst transducer transmitting an ultrasonic 
Wave from a point external of the tissue into an inner bone at 
a critical angle. This generates pressure, shear and/or surface 
Waves that propagate along the interface betWeen the bone 
and the soft tissue. The Wave radiated from these Waves is 
then received by a second transducer, also positioned external 
to the tissue. The speed of sound in the bone is calculated from 
the ?rst time of arrival of the sound pulse at the receiving 
transducer. This method requires the velocity of sound in 
bone to be greater than in the surrounding soft tissue, Which is 
true for pressure Waves, but may not be ful?lled for shear 
Waves. 

[0036] The method is illustrated in FIG. 1, and is summa 
rized as folloWs. An acoustic Wave is emitted from the trans 
mitter T into the body of the patient and received With the 
receiver R. T and R are placed on the skin of the patient at a 
distance x. The emitted Wave may folloW three paths from T 
to R: 

[0037] (i) Direct Wave. This Wave folloWs a straight line 
parallel to the skin surface and is denoted by line 13. 

[0038] (2) Re?ected Wave. This Wave is re?ected at the 
boundary betWeen the soft tissue and the bone, and is 
denoted by line 15. 

[0039] (3) Refracted Wave. This Wave, denoted by line 
17, hits the bone at critical angle 06, propagates along the 
interface betWeen soft tissue and bone, While radiating 
acoustic energy back to the tissue at critical angle 06. 
Some of the radiated sound is received by the receiver R. 
The critical angle 06 is given by 

U0 (1) 

Where U0 is the speed of sound in the tissue and U 1 is the speed 
of sound in the bone. 
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[0040] The time of ?ight from T to R for these three Waves 
are t1, t2 and t3. The arrival time t3 of the refracted Wave can be 
found from FIG. 1 to be 

Where X is the distance betWeen transmitter T and receiver R 
and d0 is the distance from the skin surface to the bone, as 
shoWn in FIG. 1. 

[0041] The Wave velocity U1 of the bone is larger than the 
Wave velocity U0 of the soft tissue. If, in addition, the distance 
X betWeen T and R exceeds a minimum value Xml-n, the 
refracted Wave 17 may arrive on R before the other Waves 13, 
15, that is 

[0042] Hence, the time t3 can be found from the ?rst arrival 
of a signal at R after transmitting from T. When the time of 
?rst arrival t3 is measured, the speed of sound in the bone U l is 
calculated from (Eq. 2). The speed of sound in the soft tissue 
U0 and the distances X and d0 must be measured independently. 
This may be done from ultrasound time-of-?ight measure 
ments. This technique alloWs accurate measurements of 
sound velocity independent of geometric dimensions. This 
technique may be combined by one or more of the principles 
beloW to increase the accuracy of the estimates of sound 
velocity. 
[0043] Us. Pat. No. 5,197,475 illustrates ultrasound mea 
surement setups using such basic principles of ultrasound 
pressure Wave transmission and/or re?ection, particularly as a 
function of angle. The reference provides very broad but 
useful description of measurement systems and techniques, 
and also brie?y addresses the concept knoWn as shear Wave 
measurements. Elaborating on that latter concept, and other 
unknoWn combinations of techniques, is one of the goals of 
the present invention. 
[0044] Shear Waves do not propagate far in tissue, but Will 
propagate in solid structures like bone. Moreover, the shear 
Wave velocity is more sensitive to material structure than the 
pressure Wave velocity, in that it differs more strongly 
betWeen various materials. Hence, the shear Wave velocity is 
a more sensitive parameter than pressure Wave velocity for 
detecting the state of the measured bone. 

[0045] The pressure cp and shear cs Wave velocities of an 
elastic solid are given by the eXpressions 

1+2 (4) 
Cp: It and Cs: I: 

\l p p 

Where p is the density and 7t and p. are the Lame coe?icients of 
the material. 

[0046] Measurement of the shear Wave velocity includes an 
estimate for the second Lame coe?icient [1, Which is the shear 
modulus of the material. Degradation of a material typically 
causes a reduction in its density p and a reduction in material 
rigidity, that is, loWer values of 7» and [1. Measurements of both 
cp and cs in (Eq. 4) gives more information about the under 
lying material properties than measurements of cp alone. 
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[0047] If a material undergoes a transition from an elastic 
solid to a looser porous structure, this causes a larger reduc 
tion in the shear modulus [1. than in the bulk modulus K:}\,+% 
[1. Hence, independent measurements of cp and cs, calculating 
eg the ratio c éjcp, Will provide information about the relation 
betWeen the shear and bulk moduli of the material. This gives 
information about Whether the material is changed from an 
homogeneous solid into a looser porous structure. 
[0048] Velocity dispersion is a characteristic property of 
heterogenous media, especially porous materials. If the bone 
undergoes a transition from homogeneous to porous, it can 
also change from non-dispersive to dispersive. Hence, sound 
velocity dispersion can be used as an indicator of altered 
tissue material structure. In addition, this technique can 
reduce the need for an accurate measurement of sound veloc 
ity, as it only requires relative measurement of phase velocity 
as function of frequency, and the technique does not depend 
on accurate measurements of geometric dimensions. In the 
case of a heterogenous medium, the phase velocity typically 
undergoes a change Where the Wavelength is of the same 
magnitude as the grain siZe. This transition may be used as an 
estimate for “grain siZe” in a porous material. Velocity dis 
persion measurements can be combined With measurement of 
frequency dependent attenuation, to further increase the accu 
racy of the estimates. 
[0049] Another aspect of ultrasound imaging relates to 
nonlinearity. All sound propagation is nonlinear, and Will 
generate harmonics at su?iciently high amplitudes over suf 
?ciently long distances. Small voids or other inhomogeneities 
can act as nonlinear sources in solid materials, and increase 
the acoustic nonlinearity parameter. Hence, measurements of 
the degree of nonlinearity in a material can be used to estimate 
material conditions. Especially, it may be used to estimate 
Whether the material is changing from a homogeneous to a 
more heterogenous structure. 
[0050] The thinning and increased brittleness of the bone 
structure associated With osteoporosis may increase nonlin 
ear mechanical properties. In addition, a reduction in bone 
mass may give rise to an increase in soft material such as 
marroW. This eXchange of material may also change the non 
linear mechanical response. 
[0051] There are several Ways to measure the degree of 
nonlinearity. The most obvious is to transmit a sound pulse 
through the material and measure the harmonic distortion, i.e. 
the level at harmonics of the transmitted frequency. Here, the 
second harmonic is the most natural choice, but also higher 
harmonics, or combinations of harmonics can be used. Har 
monic detection is summariZed as 

Transmit frequency f T 

Receive one or more ofthe harmonics ZfT, 3fT, 4fT, (5) 

[0052] Nonlinear frequency miXing may be another 
method. TWo frequencies are transmitted through the sample. 
This can be done either by tWo separate transducers, or by 
eXciting one transducer With both frequencies. The transmit 
ted or scattered signals from the material is picked up by 
another, or the same, transducer. Nonlinear miXing Will cause 
sum- and difference frequencies in the received signals. The 
level at these sum and/or difference frequencies is an indica 
tor of the condition of the material. Nonlinear frequency 
miXing is summariZed as 

Transmit frequencies f1 and f2 

Receive at sum and/or difference frequencies f1+f2, 

fr-f2 (6) 
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[0053] The harmonic and nonlinear frequency mixing tech 
niques may also be combined, i.e. receive at sum and differ 
ence frequencies of the harmonics. An example Would be 

Transmit frequencies f1 and f2 

Receive at sums and/or differences around harmonics, 
Cg. 213-13, 2mg, 3mg (7) 

[0054] Of particular interest are the nonlinear methods 
identi?ed herein for detection of micro-cracks or micro-frac 
tures in the human bone. These cracks may act as sources for 
nonlinear acoustic generation, and therefore the methods 
identi?ed herein may be considered someWhat analogous to 
recently developed methods for detecting micro-cracks and 
other defects in nondestructive testing/ evaluation of materials 
knoWn generally as nonlinear acoustic nondestructive evalu 
ation (NANDE) or nonlinear Wave modulation spectroscopy. 
Measurement of acoustic nonlinearity can therefore be used 
as an indicator of bone condition. 
[0055] Several of the disclosed measurement methods are 
considered part of this novel technique. The transmitted sig 
nal may either be a continuous Wave, CW, or a pulsed Wave, 
PW. The measurements can be accomplished as through 
transmission (as shoWn in FIG. 2), pulse-echo backscatter (as 
shoWn in FIG. 3), or scatter at an angle (as shoWn in FIG. 4). 
In FIG. 2, there is shoWn representatively con?gured compo 
nents of a control unit 52, signal generator 54, ampli?er 59, 
transmitter 61, the object being measured 64, receiver 72, 
ampli?er 79, analog to digital converter, and registration unit 
86. The con?guration of FIG. 3 includes most of the similar 
components but also that of transmit/receive sWitch 60 and 
transmit/receive transducer 62. In FIG. 4, the con?guration is 
similar to that depicted in FIG. 2 but With and angled re?ec 
tion setup. The detection of nonlinearity can be done by any of 
the folloWing methods: 

[0056] 1. Two frequency mixing by transmitting tWo fre 
quencies fl and f2. These may then be received at the 
difference and/or sum frequencies f1—f2 and f1+f2; 

[0057] 2. Amplitude modulated signal by transmitting a 
signal p:(l+A sin 2J'cfmt) sin 2s'cfot and then receiving at 
the modulation frequency fm and/or its harmonic, e.g., 
2fm; 

[0058] 3. Transmit one high imaging frequency fl- and 
one loW pumping frequency f; and then receive at the 
sum and/ or difference frequencies fl-—f;, and fi+f;,; and 

[0059] 4. Transmit at one frequency f0 and receive at the 
harmonics of the transmit frequency, such as 2fO, 3fo, 
4fO, . . .or xfO. 

[0060] In some embodiments, the present invention pro 
vides a method of measuring bone condition using ultrasound 
Waves. The method can include positioning an ultrasonic 
transmitter and a receiver proximate to a bone. The method 
can include transmitting an ultrasonic signal from the ultra 
sonic transmitter through a portion of the bone to the receiver. 
The method can include detecting at least a portion of the 
transmitted signal With the receiver after transmission 
through the bone. 
[0061] In some embodiments, such as that ofFIG. 11, posi 
tioning the ultrasonic transmitter 1105 and the receiver 1110 
proximate to the bone 1115 can include orienting the ultra 
sonic transmitter 1105 and the receiver 1110 at an oblique 
angle ((#0) to one another. Doing so can cause the detected 
signal to be composed of an increased percentage of the 
higher harmonic of the detected signal, as compared With 
orienting the ultrasonic transmitter in line ((X:()) With the 
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receiver. Doing so can also cause the detected signal to be 
composed of a decreased percentage of the ?rst harmonic of 
the detected signal, as compared With orienting the ultrasonic 
transmitter in line With the receiver. This is because the sec 
ond harmonic is propagated outWardly from the bone 1115 at 
360 degrees. When the ultrasonic transmitter 1105 is at an 
oblique angle to the receiver 1110, the signal to noise ratio of 
the detected signal is better, but the total detected signal is 
Weaker. Orienting the ultrasonic transmitter 1105 and the 
receiver 1110 at some oblique angles to one another can result 
in the detected signal being composed of at least 50% of the 
higher harmonic of the detected signal. The oblique angle can 
be at least :5 degrees; at least :10 degrees; at least :20 
degrees; at least :30 degrees; at least :45 degrees; at least :60 
degrees; at least :80 degrees; or any other suitable angle. 
[0062] In some embodiments, the method can include 
includes determining a duration difference betWeen (i) the 
detected signal or a ?rst harmonic of the detected signal and 
(ii) a higher harmonic of the detected signal. Generally, the 
?rst harmonic of the detected signal differs only minimally 
from the entire detected signal. The higher harmonic can be 
the second harmonic and/or higher harmonics such as the 
third harmonic, the fourth harmonic, and so on. In many 
embodiments, determining the duration difference includes 
comparing (i) an amplitude center of gravity of the detected 
signal or the detected signal’s ?rst harmonic With (ii) an 
amplitude center of gravity of the detected signal’s higher 
harmonic. 
[0063] In many embodiments, material conditions of a 
bone are estimated. In some embodiments, material condi 
tions of the bone are estimated based solely on the duration 
difference. In some embodiments, material conditions of the 
bone are estimated based on the duration difference and on 
other factors. In some such embodiments, material conditions 
of the bone are estimatedbased on the duration difference and 
a comparison of the amplitude of the second harmonic of the 
detected signal With the amplitude of the transmitted signal or 
the ?rst harmonic of the detected signal. In some embodi 
ments, material conditions of the bone are estimated based on 
the duration difference and a linear parameter of the detected 
signal. Examples of linear parameters include (i) re?ection of 
sound, (ii) scatter of sound, (iii) attenuation of sound, (iv) 
speed of sound, (v) broadband ultrasound attenuation, and 
(vi) combinations thereof. In some embodiments, material 
conditions of the bone are estimated based on the linear 
parameter, the duration difference, and the comparison of the 
amplitude of the second harmonic of the detected signal With 
the amplitude of the transmitted signal or the ?rst harmonic of 
the detected signal. 
[0064] The method can be performed in a variety of Ways. 
In some embodiments, Wherein the method is performed (a) 
When the bone is bearing Weight and (b) When the bone is 
bearing negligible Weight. In such embodiments, the material 
conditions of the bone can be estimated When the bone is 
bearing Weight and When the bone is bearing negligible 
Weight, and the results can be compared. 

EXPERIMENT 

[0065] FIG. 5 shoWs a typical experimental set-up. Seven 
persons With knoWn T-score values (obtained by DXA) Were 
selected. Based on their T-Score values, tWo persons Were 
osteopenic and ?ve persons Were healthy. Each person’ s heels 
510 Were submerged in a Water bath 515 (one heel at a time). 
An ultrasonic signal Was transmitted from the transmitter 520 
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to the receiver 525 through a portion of the heel bone 51 0. The 
transmitter 520 Was optimized for the fundamental frequency 
of 236 kHZ, eliminating any harmonics from the transmitted 
signal. The fundamental frequency of 236 kHZ is in reason 
able agreement With the relevant ?eld. This signal Was trans 
mitted through the person’s tWo heels 510 seven times, each 
With a different voltage (ranging from tWenty volts to three 
hundred volts). Once these fourteen measurements Were 
completed, the process Was repeated tWice (i.e., tWo more 
signal transmissions at each voltage level). 
[0066] The receiver detected at least a portion of each trans 
mitted signal. The receiver Was a broadband type, covering 
both the ?rst and second harmonic frequencies. The detected 
signal Was analyZed for frequency contents. The ?rst and 
second harmonics the detected signal Was determined. 

[0067] TWo comparisons Were made With the ?rst and sec 
ond harmonics. First, the amplitude of the second harmonic 
of the detected signal Was compared With the amplitude of the 
transmitted signal or the ?rst harmonic of the detected signal. 
As is mentioned above, the transmitted signal Was essentially 
the same as the ?rst harmonic of the detected signal. 

[0068] FIG. 6 shoWs hoW these quantities compared. Line 
610 represents the reference values of the Water. Lines 612 
618 represent the amplitude of the second harmonic of the 
detected signal relative to the amplitude of the transmitted 
signal or the ?rst harmonic of the detected signal (measured in 
dB) for the seven persons (With the three signal transmissions 
at each voltage level being averaged in the logarithmic 
regime). Lines 612-613 represent the tWo osteopenic persons, 
While lines 614-618 represent the ?ve healthy patients. 
[0069] Ideally (in Water and for small amplitudes) the 
amplitude of the second harmonic of the detected signal 
should be proportional to the transmitted signal amplitude. In 
the higher amplitude regions, there is a signi?cant correlation 
betWeen the osteoporotic state and the comparison of these 
tWo values. The difference betWeen the amplitude of the 
second harmonic of the detected signal and the transmitted 
signal amplitude is signi?cantly greater for osteopenic per 
sons than for healthy persons. 

[0070] FIG. 7 shoWs a more detailed comparison of the 
results shoWn in FIG. 6 and knoWn T-score values. Referring 
again to FIG. 7, the difference betWeen the amplitude of the 
second harmonic of the detected signal and the transmitted 
signal amplitude at the highest tested voltage is compared 
With the knoWn T-score values. A thick vertical line 710 is 
shoWn at T-score value —l, Which is the commonly under 
stood limit betWeen persons With healthy bone structure and 
persons suffering from osteopenia/osteoporosis. As can be 
seen, the tWo persons for Whom the difference betWeen the 
amplitude of the second harmonic of the detected signal and 
the transmitted signal amplitude is greatest have T-score val 
ues less than —l. 

[0071] Comparing the transmitted signal amplitude With 
the amplitude of the second harmonic of the detected signal is 
an evaluation of the amount of energy at the second harmonic 
being generated and transmitted through the bone. Because 
the transmitted signal contained no second harmonic compo 
nent, all of the detected signal’ s second harmonic component 
can be attributed to being generated Within the bone. This is 
basically an effect Where the second harmonic amplitude is 
proportional to the square of the transmitted signal’s ampli 
tude. This correlation has been veri?ed experimentally. 
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[0072] The second comparison made With the ?rst and sec 
ond harmonics Was determining a duration difference 
betWeen the ?rst and second harmonics of the detected signal. 
The envelopes of the ?rst and second harmonics of the 
detected signal Were of different shape, and they differ from 
person to person. In many cases, the duration of the second 
harmonic differed from that of the ?rst harmonic (or the entire 
detected signal). This comparison Was designed to determine 
Whether the envelopes correlated to the osteoporotic state 
(i.e., T-score value). 
[0073] FIG. 8 shoWs a representative transmitted signal 
805, detected signal 810, and second harmonic of the detected 
signal 815. The ?rst harmonic of the detected signal, Which 
Was essentially identical to the detected signal 810, Was gen 
erally a slightly modi?ed and delayed version of the trans 
mitted signal 805. The second harmonic of the detected signal 
815 Was obtained by ?rst Fourier transforming the received 
signal and selecting the appropriate frequency range, fol 
loWed by an inverse Fourier transform. 

[0074] FIG. 9 shoWs a representative ?rst harmonic 910 and 
second harmonic 915 of the detected signal. The time at 
Which the ?rst harmonic 910 is ?rst detected is represented as 
to, the time at Which the ?rst harmonic 910 drops off substan 
tially is represented as t1, and the time at Which both harmon 
ics 910, 915 have ceased is represented as t2. For both the ?rst 
harmonic 910 and second harmonic 915 of the detected sig 
nal, at least some signal arrives after t1. TWo prominent dif 
ferences Were observed betWeen the ?rst harmonic 910 and 
second harmonic 915 of the detected signal. First, the enve 
lope betWeen t1 and t0 of the ?rst harmonic 910 is shaped 
differently than that of the second harmonic 915. Second, the 
“tail” of the signal that arrives after t l is substantially longer 
for the second harmonic 915 than for the ?rst harmonic 910. 

[0075] To determine a duration difference betWeen the ?rst 
harmonic 910 and the second harmonic 915, a ?rst instant Was 
determined that represented the ?rst harmonic 910 and a 
second instant Was determined that represented the second 
harmonic 915. The duration difference betWeen the ?rst har 
monic 910 and the second harmonic 915 then became the 
difference (in time) betWeen the ?rst instant and the second 
instant. 

[0076] There are a variety of Ways to determine the ?rst and 
second instants. The chosen Way Was to determine the center 
of gravity of the tWo amplitude distributions. The ?rst instant 
corresponded to the amplitude center of gravity of the 
detected signal’s ?rst harmonic 910. The second instant cor 
responded to the amplitude center of gravity of the detected 
signal’ s second harmonic 915. The amplitude centers of grav 
ity can be determined according to the folloWing formula: 

AT : T2 — T1, With 

2 t2 
lAllrdr lAzlrdr 

t1 t1 
Tr=i, ,andT2=i, 2 t2 [,1 lAlldr [,1 lAzldr 

Where Al and "51 are the amplitudes and centers of gravity of 
the ?rst harmonic 910, and A2 and "52 are the amplitudes and 
centers of gravity of the second harmonic 915. The range of 
integration is determined by tWo reasonably chosen limits t 1 
and t2. Accordingly, the ?rst instant Was determined to be the 
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time at '51, and the second instant Was determined to be the 
time at '52. The duration difference betWeen the ?rst harmonic 
910 and the second harmonic 915 Was then the difference (in 
time) betWeen the ?rst instant and the second instant. 

[0077] There are a variety of other Ways to determine a 
duration difference betWeen the ?rst harmonic 910 and the 
second harmonic 915. For example, ?rst and second instants 
can be determined based on energy centers of gravity, rather 
than amplitude centers of gravity, of the harmonics. Energy 
centers of gravity can be determined by the following for 
mula: 

AT : T2 — T1, With 

Where Al and "51 are the amplitudes and centers of gravity of 
the ?rst harmonic 910, and A2 and '52 are the amplitudes and 
centers of gravity of the second harmonic 915. 

[0078] Another example involves comparing the siZe of the 
“tail” (between t1 and t2) With the siZe of the main part (be 
tWeen t0 and t1) for both the ?rst harmonic 910 and the second 
harmonic 915. The amplitude centers of gravity of the tail and 
main part can be determined by the folloWing formula: 

12 

f lAzldr 
ll 

1- i and 

I'll/Midi '0 

Where R1 is the ratio of the tail to the main part for the ?rst 
harmonic 910, and R2 is the ratio of the tail to the main part for 
the second harmonic 915. The energy centers of gravity for 
the tail and main part can be determined by the folloWing 
formula: 

Where, again, R1 is the ratio of the tail to the main part for the 
?rst harmonic 910, and R2 is the ratio of the tail to the main 
part for the second harmonic 915. 

[0079] Another example involves the group delay differ 
ence based on FFT/frequency information. Based on Fourier 
transforms of the signal, variations of the phase delay or the 
group delay as functions of frequency should be distinctly 
different for pulses propagating through bone structures hav 
ing varying degree of osteoporosis. This approach is expected 
to bring interesting results Which may enhance the distinction 
betWeen the various states of osteoporosis. 
[0080] Another example involves correlating amplitude 
envelopes of the entire ?rst harmonic and the entire second 
harmonic. This correlation is given by the folloWing normal 
iZed overlap integral (phase relations may be important so 
“true” envelopes may be needed): 
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[0081] This is a criterion Which may be used When the other 
criteria discussed above for some reason are not feasible. 

[0082] FIG. 10 shoWs the result of these measurements, 
Where the calculated delay is plotted versus the knoWn 
T-score values. The delay Was averaged over three signals and 
over both feet. As is shoWn, there is a variation in the mea 
sured parameter that is particularly noticeable in approxi 
mately the same range of T-score values as beforeiaround 
—l to —0.5. 

[0083] Duration differences betWeen the ?rst and second 
harmonics of the detected signal Were interpreted as an extra 
transmission time spent by the second harmonic compared to 
the ?rst harmonic. Having calculated the duration differences 
based on the ?rst and second instants, Which represented the 
?rst and second harmonics, respectively, a quantitative cor 
relation With the knoWn T-score values Was performed. This 
quantity is believed to be associated primarily With scattering 
processes in the bone structures, although modi?ed by gen 
eration and attenuation processes. 

[0084] The results of the tWo comparisons of the ?rst and 
second harmonics shoW a pronounced correlation betWeen 
the osteoporotic state and the measured second harmonic 
amplitude relative to that of the transmitted signal. Also, there 
is a correlation betWeen the osteoporotic state and the dura 
tion difference introduced. For healthy patients, the differ 
ence betWeen the duration of the second harmonic and the 
duration of the ?rst harmonic Was signi?cantly greater than 
for osteoporotic patients. The observed correlations indicate 
that there is a possibility to use one or tWo of the methods to 
discriminate betWeen people of different osteoporosis cat 
egories. 
[0085] It is not clear in detail Which mechanisms are 
responsible for the observed variations.A feW possible effects 
are mentioned here. These include the variation of scattering 
from the inner trabecular bone as Well as the outer cortical 
bone. Further, such effects can be caused by variation of 
re?ection from the outer, more solid bone part. Also, one 
source may be variation in the ability to generate second 
harmonic When the amount of ?uid marroW or thin trabecular 
bone Walls varies With the degree of osteoporosis. 
[0086] The methods mentioned above may be combined in 
various measuring or display techniques to increase the qual 
ity of the outcomes. Further, these techniques may be com 
bined With other measurement techniques, such as measure 
ments of re?ection, scatter, attenuation and speed of sound. 
They may also be combined With estimates for elastic prop 
er‘ties, and With measurements of shape and geometrical 
dimensions. 

[0087] The invention thus recognizes alternate methods 
and techniques to improve the quality and availability of 
ultrasound quantitative measurement modalities for various 
bone conditions. It is recogniZed that the various techniques 
may be combined With or substituted for knoWn techniques 
and systems to achieve an overall improvement in this mea 
surement capability. 
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What is claimed is: 
1. A method of measuring bone condition using ultrasound 

Waves, comprising the steps of: 
(a) positioning an ultrasonic transmitter proximate to a 

bone; 
(b) positioning a receiver proximate to the bone; 
(c) transmitting an ultrasonic signal from the ultrasonic 

transmitter through a portion of the bone to the receiver; 
(d) detecting at least a portion of the transmitted signal With 

the receiver after transmission through the bone; 
(e) determining a duration difference betWeen (i) the 

detected signal or a ?rst harmonic of the detected signal 
and (ii) a higher harmonic of the detected signal; and 

(f) estimating material conditions of the bone based on the 
duration difference. 

2. The method of claim 1, Wherein the higher harmonic 
comprises a second harmonic. 

3. The method of claim 1, Wherein the higher harmonic 
includes a harmonic higher than a second harmonic. 

4. The method of claim 1, Wherein determining the dura 
tion difference comprises comparing (i) an amplitude center 
of gravity of the detected signal or the detected signal’s ?rst 
harmonic With (ii) an amplitude center of gravity of the 
detected signal’s higher harmonic. 

5. The method of claim 1, further comprising comparing an 
amplitude of the transmitted signal or of the ?rst harmonic of 
the detected signal With an amplitude of the higher harmonic 
of the detected signal, 

Wherein estimating material conditions of the bone is based 
on both the duration difference and the comparison of 
the amplitude of the transmitted signal or of the ?rst 
harmonic of the detected signal With the amplitude of the 
higher harmonic of the detected signal. 

6. The method of claim 1, further comprising determining 
a linear parameter of the detected signal, the linear parameter 
selected from a group consisting of: 

(i) re?ection of sound, 
(ii) scatter of sound, 
(iii) attenuation of sound, 
(iv) speed of sound, 
(v) broadband ultrasound attenuation, and 
(vi) combinations thereof, 

Wherein estimating material conditions of the bone is based 
on both the duration difference and the linear parameter. 

7. The method of claim 1, Wherein the method is performed 
(a) When the bone is bearing Weight and (b) When the bone is 
bearing negligible Weight, and 

further comprising comparing estimated bone material 
conditions When the bone is bearing Weight With esti 
mated bone material conditions When the bone is bear 
ing negligible Weight. 

8. The method of claim 1, Wherein positioning the ultra 
sonic transmitter and the receiver proximate to the bone com 
prises orienting the ultrasonic transmitter and the receiver at 
an oblique angle to one another, thereby causing the detected 
signal to be composed of an increased percentage of the 
higher harmonic of the detected signal and a decreased per 
centage of the ?rst harmonic of the detected signal, as com 
pared With orienting the ultrasonic transmitter in line With the 
receiver. 

9. The method of claim 8, Wherein the detected signal is 
composed of at least 50% of the higher harmonic of the 
detected signal. 
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10. A method of measuring bone condition using ultra 
sound Waves, comprising the steps of: 

(a) positioning an ultrasonic transmitter proximate to a 
bone; 

(b) positioning a receiver proximate to the bone; 
(c) transmitting an ultrasonic signal from the ultrasonic 

transmitter through a portion of the bone to the receiver; 
(d) detecting at least a portion of the transmitted signal With 

the receiver after transmission through the bone; 
(c) determining a duration difference betWeen (i) the 

detected signal or a ?rst harmonic of the detected signal 
and (ii) a second harmonic of the detected signal; and 

(f) estimating material conditions of the bone based on the 
duration difference. 

1 1. The method of claim 1 0, Wherein determining the dura 
tion difference comprises comparing (i) an amplitude center 
of gravity of the detected signal or the ?rst harmonic With (ii) 
an amplitude center of gravity of the second harmonic. 

12. The method of claim 10, further comprising comparing 
an amplitude of the transmitted signal or of the ?rst harmonic 
of the detected signal With an amplitude of the second har 
monic of the detected signal, 

Wherein estimating material conditions of the bone is based 
on both the duration difference and the comparison of 
the amplitude of the transmitted signal or of the ?rst 
harmonic of the detected signal With the amplitude of the 
second harmonic of the detected signal. 

13. The method of claim 10, further comprising determin 
ing a linear parameter of the detected signal, the linearparam 
eter selected from a group consisting of: 

(i) re?ection of sound, 
(ii) scatter of sound, 
(iii) attenuation of sound, 
(iv) speed of sound, 
(v) broadband ultrasound attenuation, and 
(vi) combinations thereof, 

Wherein estimating material conditions of the bone is based 
on both the duration difference and the linear parameter. 

14. The method of claim 10, Wherein the method is per 
formed (a) When the bone is bearing Weight and (b) When the 
bone is bearing negligible Weight, and 

further comprising comparing estimated bone material 
conditions When the bone is bearing Weight With esti 
mated bone material conditions When the bone is bear 
ing negligible Weight. 

15. The method of claim 10, Wherein positioning the ultra 
sonic transmitter and the receiver proximate to the bone com 
prises orienting the ultrasonic transmitter and the receiver at 
an oblique angle to one another, thereby causing the detected 
signal to be composed of an increased percentage of the 
second harmonic of the detected signal and a decreased per 
centage of the ?rst harmonic of the detected signal, as com 
pared With orienting the ultrasonic transmitter in line With the 
receiver. 

16. The method of claim 15, Wherein the detected signal is 
composed of at least 50% of the second harmonic of the 
detected signal. 

17. A method of measuring bone condition using ultra 
sound Waves, comprising the steps of: 

(a) positioning an ultrasonic transmitter proximate to a 
bone; 

(b) positioning a receiver proximate to the bone; 
(c) transmitting an ultrasonic signal from the ultrasonic 

transmitter through a portion of the bone to the receiver; 
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(d) detecting at least a portion of the transmitted signal With 
the receiver after transmission through the bone; 

(e) determining a duration difference betWeen (i) the 
detected signal or a ?rst harmonic of the detected signal 
and (ii) a higher harmonic of the detected signal; 

(f) comparing an amplitude of the transmitted signal or of 
the ?rst harmonic of the detected signal With an ampli 
tude of the second harmonic of the detected signal; and 

(g) estimating material conditions of the bone based on the 
duration difference and the comparison of the amplitude 
of the transmitted signal or of the ?rst harmonic of the 
detected signal With the amplitude of the second har 
monic of the detected signal. 

18. The method of claim 17, Wherein the higher harmonic 
of the detected signal includes a harmonic higher than a 
second harmonic. 

19. The method of claim 17, Wherein determining the dura 
tion difference comprises comparing (i) an amplitude center 
of gravity of the detected signal or the detected signal’s ?rst 
harmonic With (ii) an amplitude center of gravity of the 
detected signal’s higher harmonic. 

20. The method of claim 17, further comprising determin 
ing a linear parameter of the detected signal, the linear param 
eter selected from a group consisting of: 

(i) re?ection of sound, 
(ii) scatter of sound, 
(iii) attenuation of sound, 
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(iv) speed of sound, 
(v) broadband ultrasound attenuation, and 
(vi) combinations thereof, 

Wherein estimating material conditions of the bone is based 
on the duration difference, the comparison of the transmitted 
signal With the detected signal amplitude ratio, and the linear 
parameter. 

21. The method of claim 17, Wherein the method is per 
formed (a) When the bone is bearing Weight and (b) When the 
bone is bearing negligible Weight, and 

further comprising comparing estimated bone material 
conditions When the bone is bearing Weight With esti 
mated bone material conditions When the bone is bear 
ing negligible Weight. 

22. The method of claim 17, Wherein positioning the ultra 
sonic transmitter and the receiver proximate to the bone com 
prises orienting the ultrasonic transmitter and the receiver at 
an oblique angle to one another, thereby causing the detected 
signal to be composed of an increased percentage of the 
second harmonic of the detected signal and a decreased per 
centage of the ?rst harmonic of the detected signal, as com 
pared With orienting the ultrasonic transmitter in line With the 
receiver. 

23. The method of claim 22, Wherein the detected signal is 
composed of at least 50% of the second harmonic of the 
detected signal. 


